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SECTION 1

INTRODUCTION

A previous report (Eleiche and Campbell 1974, subsequently referred to
as I) dealt with the influence of strain-rate history on the shear strength
of OFHC copper at room temperature ( ~24°C), 200 and 4L0O°C, and of
commercislly pure (alpha) titarium at roow temperature. Shear stress-strain
curves were first obtained at a quusi-static rate (m10€5-1,and at constant
high rates (1038”1}, tests were then performed in which the rate was
suddenly increased from the low to the high rate after a certain amount of

plastic deformation,

It was found that at a given temperature the high-rate flow stress
always exceeded that required at the seme struin in the low-rate test.
The high-rate flow stress wes also found to depend on the previous de-
formation: immediately after the rate was increased, the flow stress was
less than that obtained at the same strain in a high-rate test. This
difference was small for titanium, but relatively large for copper; in
each case, the difference decreased with further straining, 1.e. the
'memory' of the previous deformation decayed. The strain required for
effective elimination of the difference was much larger for copper than

for titanium, and it increased with increasing pre-strain.

The results for copper showed that the incremental stress, i.e. the
difference between the high-rate value and the low-rate value, varied
relatively little with temperature, over the range covered, Thus it did
rot appear to be descrived by a simple rate equation with a constant
activation volume. The purpose of the present work was to obtain further
results for the same two metals over a wide temperature range including
values below ambient; to obtain comparable data for a third contrasting

material, nemely mild steel; and to interpret the results for all three
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materials in terms of proposed microscopic and macroscopic theories of rate-

dependent plastic flow in metals.

Particular questions of dynamic plasticity to which the investigaticn
is relevant include the following:-

(1) The extent to which the structure of metals and alloys is a function
of the previous strain-rate history, rather than the current value of
plastic strain,

(2) The extent to which the rate dependence can be explained in terms cf
thermai-activation rate mnalysis.

(3) The applicability of proposed forms of macroscopic constitutive relation

to deformation of metals and alloys at varying strain rates.

If it is assumed that the observed plastic strain-rate +P is the sum of
rates caused by a number of different thermally-activated micro-mechanisms
of deformation, each dependent on the stress t and the current structure of

the materiasl, we may write —
AG, (1, T,hsi)

) ‘ -
¥ ZE: Asit, T, si) exp . 1
i

where Ai is the frequency factor and AGy is the free activation energy for the
ith deformation mechanism, k i Boltzmann's constant, T is the absolute
temperature and the parsmeters 8: represent the current structure of the
material., The parameters 8, must evidently be determined by the number and
distribution of all the lattice imperfections, solute atoms, second-phase
particles, grain or twin boundaries and other features of the microstructure.
For & given material, some of these parameters are governed by the initial
state of the material, while others depend on the plastic deformation itself.
The simplest assumption that can be made is that for a given initial state

the structure is uniquely defined by the plastic strain. Making this assumption

amt}é.!f.';u:mm;"wf" i

i
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(1) reduces to what has Lecome known as the 'mechanical equation of state',

which may be written
F (1, YP; §P' T) = 0, (2)

Equations of this type were proposed by Ludwik (1909), Zener and lollomon
(19hL, 19LG); MacGregor and Fisher (1946); and Holloman (1947). Such
equations imply that the material behaviour is independent of the deformation
history, being governed only by the current stress, strain and temperature.
If the deformation is controlled by a single thermally-activated process,

it may be possible to simplify (2) further by employing e single variable

to characterize both the strain rate and the temperature. One such gquantity

is the Zener-Hollomon parameter defined by

z = Y exp [no/x1], (3)
where AG is the activation energy for the rate-controlling mechanism. Then

(2) becomes
F(t, y2, 2) = 0. (4)

Alternatively, we may use the 'velocity-modified temperature' introduced by
MacGregor and Fisher (1946). Fip. 1 illustrates diagrammatically the
behaviour predicted by {(2) or (4): a sudden change of temperature or
strain rate, represented by AB or CD, gives a reversible change of stress

but no identifiable change of structure.

An equation such as (4), if spplicable, is obviously of great value
in predicting the behaviocur of materials, and such equations have been used
succeasfully for high-temperature deformation at constant strain rates and
temperatures (Jonas et al. 1969)., However, deviations from an equation of
state have been reported by many workers; [lor example, Barraclough and
Sellars (1974) showed from hot torsion tests on stainless stcel that the

equation does not hold if %4 changes by more than about two orders of

T . S
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magnitude during a change of unity in the true tensile strain. Similar
effects in f,c.c. metals have been discussed by Klepackzo (1975), and the
biare, metals molybdenum snd niobium have also been shown to be sensitive to
strain-rate history (Campbell and Briggs 1975). It seems clear therefore
that in general the parameters 8y in (1) must be related to the previous
mechanical and thermal treatment rather than simply to the current values
of strein and temperature. One suggestion which satisfiesthis condition
is that the structure is determined by the mean amplitude of the long-range
internal stresses present in the material., In principle this may be
measured by the applied stress needed to cause flow at a temperature high
enough to render short-range obstacles ineffective (the 'athermal' component
of stress); this stress should be essentially rate-independent. A general

treatment of this kind has recently been given by Bodek (1975),

Hart (1970) hes proposed a similar theory in which the structure is
characterized by a single parameter y which depends on the previous
deformation history, the rate of change of y with strain being & known
function of the state variables, Kocks et al. (1975) have reviewed tais

and other similar constitutive laws.

Most of the available data relating to history effects in the de-
formation of metals were obtained at low strain rates, using rate changes
of one or two orders of magnitude. In the present experiments, however,
rate changes of up to 6 orders of magnitude could bz imposed during a
shear strain increment of order 1072, Very large changes in deformation
history were therefore possible, so that deviations from a mechanical
equation of state were to be expected. The inclusion of temperature as
a variable permitted an approximete correction to be made to take account

of the effects of adiabatic heating. The use of pure shear rather than

o
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tensile or cumpreusive straining eliminated the need for conversion to
true stress and true otrein, and also enabled deformation to be continued
to large strains. fThus in addition to providing data for unalycis and
comparison with proposed forms of constitutive relation, the results may
have direct relevance to machining or other metal-lorming processes
involving deformation at high strains and varying straln rates over a

range of temperatures.

SECTION 2

EXPERIMENTAL DETAILS
2.1 _Apparatus

All tests were conducted on a horizontal torsional split Hopkinson-
bar apparatus(Fig.2) the detmils of which, together with the associated
instrumentation, were described before in I. Quasi-static loading was
achieved by means of a slow rotational-drive unit at one end of the system,
while the release of m pre-stored torque in a clamped portion of the input
bar at the other end imposed the dynamic loading. A theoretical analysis
of the wave propagation in the bars as well as the actual observed wave
structure as affected by the performance of the clamp, are discussed in
detail in Appendix A, An axial pulse is found to be initiated et the
clamp and this arrives at the specimen before the main torsional pulse;
however, the amplitude of the axiasl pulse is small &nd its effects are not

gignificant.

As described in I, & furnace was also used for testing at elevated
temperatures, This was continuously kept filled with dry argon when
testing titanium or mild steel specimens, to prevent oxidation. Tor
testing at sub—ambient temperatures, cooling of the specimens was achieved
by controlling the flow of liquid nitrogen into a tufnol container
surrounding the specimen. Details of this arrangement are presented in

Appendix B.




2.2 Specimens and Bonding

Three materials were chosen for studying the effects of strain-rate

history on shear strength. Various considerations led to the choice of metals

: of different crystallographic structure, of varying purity and practical

] T T

importance: OFHC copper, commerciaslly-pure (alpha) titanium and low-carbon

steel. Compositiors of the three materials are given in Table 1. After .
machining to the nominol configuration shown in Fig. 3, and measurement of

the critical dimensions, the specimens were annealed in a vacuum, resulting

in the grain densities given in Table 2. Photomicrographs of annealed (as

well as tested) specimens were teken; some of these are presented in

section 3.

Before testing, each annealed specimen was firmly attached to the inner
ends of the two torsion bars, thus reducing the system (&t any testing
temperature) to & continuous bar of constant mechanical impedance, except
1 for the short tubular gauge length of the specimen. A difficulty always

exists in torsional split-bar experiments concerning the method of

bonding, which should ensure continuity as well as strength at any testing

3 temperature. Various methods are discussed in some detail in Appendix C.

£

In all tests conducted at room and low temperatures, Araldite epoxy cement
was used to bond the specimen directly to the torsion bars., At elevated
temperatures, copper and mild steel specimens were each brazed to a pair

of stainless-steel tubes, and the assembly then attached with Araldite to

S i

tke torsion bars. With titanium, each specimen was first mechanically
, attached to two short stainless-steel grips of proper dimensions (Figs. C1
3 and C2), and chis assembly wes then connected to the bars as deseribed for

copper and mild steel specimens.
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2.3 Test Procedure and Data Reduction

An account of the test preparation, procedure and celibration as well
as the data reduction has been presented in I, One exception occurred for
elevated-temperature testing of titanium at the quasi-static strain rate:
because of design considerations, the specimen I.D, was chosen to be
smaller than the standard one, as can be seen from Figs. 3 and C1. Relatively
small torques were therefore sufficient to deform these specimens plastically,
and recording of these torques could not be achieved on the Sanborn recorder
without excessive vibration of the recorder pen. Quasi-static test results
were therefore recorded partly on the Sanborn chart (twist versus time),
and partly on the oscilloscope (applied torque versus time). Most of the
quasi~static pre-straining in rate-jump tests was also recorded in the same
way; in such a test, the oscilloscope settings were readjusted just before
releasingt.e clamp, to record the dynamic portion of the test on the same

photograph.

2.4 Typical Test Records

A representative collection of records is presented in Figs. 4, 5 and
6 for copper, titanium and mild steel respectively, tested for a variety of
temperatures and strain-rate histories, In all oscillograms, the upper
trace shows the output-bar gauge signal (i.e. cutput torque), and the lower
trace shows the input-bar gauge signal (i.e. input and reflected torque).
In certain tests, the timebase for the upper traces was delayed relative to
that of the lower; this delay is specified in the 1list of illustrations. The

amount of quasi-static pre-strain in each rate~jump test is given on the figures.

2.4,1 Copper

Constant-rate and rate-jump test results at =150, =100 and -50° C

are recorded in Fig. 4; these results complement thowe given in Figs. T-9 of

A

SR
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. A definite yield point is observuble in each of the constant-rate
records (Figs. W(n), (e¢), (e) ). '"he rate-jump test records (Figs. L4 (b),
(d), (f) ) have u general appearance similar to that observed for copper
at room and clevated temperatures. Kuach output trace shows two dips, one
preceding the torsional pulse, the other about 900 us later; these are
appurently caugsed by the axial pulse initiated during the clamp release
(sce Appendix A), Figs. & (v), (4) and (f) show distinct, though small,
claslic gtress increments immediately following the change in cirain rate;
such lunerements were not discernible in the higher temperature results

(sce Fips., 8 and 9 in 1),

2,000 Titanium

Constant-rate and rate~jump test records obtained for titanium at room
temperature were presented in I (Figs., 11 and 12). These may be compared
with those obtained at lower and higher temperatures, which are shown in

Fig. 5.

The elevated-temperature titanium specimen design appears to be
satisfactory, as can be seen from Figs. 5 (h)-(k)., Quasi-static results
were recorded on an oscilloscope for torque (see FMig. 5 (g) as an example)
and on g Sanborn chart for twist, Constant-rate dynamic test results
(Figs. 5 (h) and (j) ) did not exhibit any peculiarities which could be
related to the mechanical grips. The small oscillations on the upper trace
at the start of yield were also observed in some of the lower temperature
tests (see for exemple Figs., 5 (c) and (e) ); the small ripples superimposed

on this trace are a consequence of the high gain used.

For rate-jump tests, the quasi-static pre-strainingwas sometimes also
recorded on the oscilloscope (Fig., 5 (k) ) or interpreted from the twist-

time Sanborn chart record; proper checking of the pre-strain level could be
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i achieved by comparing the original baseline for the output trace on the
oscillogram and the level reached after triggering during the dynamic
strain-rate jump. At all temperatures, the rate-jump test records show

an elastic rise in stress; the subsequent flow occurred at nearly constant
? stress at the two high temperatures, while considerable work-hardening is

ovserved at room temperature and below.
2.k.3 Milg Steel

Fig. 6 presents a selection of constant-rate and rate-jump test results

for mild steel obtained at various temperstures renging from -150 to L0C°C.
i At the quasi-static rate, dynamic strain-sgeing was very well exhibited on
the chart or oscilloscope torque reccrd when testing at 200°C, as shown in
FPiga. 6 (d4) and (e). At higher or lower temperatures, such effects were not

observed (see Figs. 6 (a), (b) and (c) ).

P At the constant dynamic rate, strain-ageing does not occur, because of

i the short time available. Also, the upper yield points are much more

3, pronounced, &t all temperatures (Figs. 6 (£), (i), (1) and (o). At large
4 strains, the strain~hardening is reduced by thermel softening, especially

at room and lower temperatures (Figs. 6 (f£) anda {i).

Perhaps the results of the rate-jump tests on mild steel are the most

interesting, as seen in Figs., 6 (g), (h), (j),(k), (m), (n), (p) and (q). :
At 8ll temperatures, a well defined elasstic stress increase can be observed
on the traces following the strain-rate jump; at high temperatures this is

L followed by & sharp drop of stress to a lower yield point (Figs. 6 (m), (n),

(p) and (q) ). Flow continues at an increasing or decreasing stress, the
strain-hardening rate depending on the test temperature and the amount of

pre-strain. "
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SECTION 3
RESULTS AND DISCUSSIONS

3.1 Copper

3,1.1 Constant-strain-rate response

The quasi-statie flow characteristics of OFHC copper at the strain
rate of 0.003 8™l and various temperatures are presented in Fig. 7, while
those for & dynamic rate of about 900 8~! gre shown in Fig. 8. Each
curve in these figures represents the average of at least two tests;
variation of strain rate and flow stress velues for an individual test

did not exceed 5% at most from the values used in plotting the curvee.

Yield and flow stresses as well as strain-hardening rates are seen
to be sensitive to temperature. At any constant temperature, these
quantities are mlso influenced by strain rate, as shown in Fig. 9 (a) =~
(£). Y¥Nc¢ evidence of the discontinuous yielding or serrated flow,
characteristic of impure metals, is observed at any temperature.
Similarly, the flow curves at the higher raute do not shov any drops in
stress at yield, such as those found by Dowling et al., (1970) and Harding

(1971) during impact punch loading on copper of commercial purity.

The temperature dependence of the flow stress at various values
of strain is illustrated in Figs. 10 (a) and (b) for the two strain rates,
0.003 and 900 s"! respectively. At the higher rate, flow stress values
are expected to be reduced because of temperature rise which accompanies
rapid plastic deformation; calculated curves showing the adiabatic
temperature rise AT are plotted in Fig. 9. The measured flow stress
value at any strain thus represents the specimen strength at a temperature
slightly higher than theab existing at the start of the deformation.
Assuming thet all the mechanical work iz converted into heat, and that
the effect of temperature history can bLe neglected, a correction can be
made as shown in Fig. 10 (h); it is seen that the resulting change in

flow stress is negligible at Llow strains or high temperatures, and amounts
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to a maximum of about 10% at a strain of 0.% and at the lowest temperatures
covered, The actual corrections will be somewhat lower because of heat
loss during deformation end the ntorage ol some energy in the deformed

lattice.

From the curves of Fig. 10 (a) and the corrected curves of Fig.
10 (b), the rate dependence of the flow stress may be determined as a
function of specimen temperature., The mesn strain-rate sensitivity may

be defined as

myg = (to=11)/2n (¥, / ¥1), (5)

where v, and 1y are the flow stresses measured at an arbitrary strain

v and temperature T in the quasi-static and dynemic tests al rates ¥,
and Y, respectively. Values of uyp are plotted against temperature in

Fig. 11 and againgt strain in Fig. 12,

3.1.2 Strain-rate-change response

At each test temperature, the response of copper to guasi-static
deformation followed by 4 sudden increase in strain rate was determined.
The average result of at least *Wwo specimens subjected to nominally the
same pre-strain and strain-rate history was calculated and plotted, together
with the flow curves obtained in the constant-rate tests discussed nbuve.
These plots are also shown in Fig., 9, an estimate of the experimental
accuracy jnvolved has been made in I and is therefore not given here.
Also shown in Fig. 9 are the variation of strain rate and the adiambatic

temperature rise with strain during the high-rate deférmation.

A significant first observation relates to the shape of the flow curves
following the strain-rate change. At all testing temperatures, the
curves are continuous and no stress drops are observed (see also the
corresponding oscillograms in Fig. 4). Yield points have been observed
by Zeyfang et al. (1974) when strain-rate changes in the range 104 to 1076

s~! were imposed during the deformation of high-purity copper single




cxrystals using an Tnstron tensile-testing machine at various temperatures,
but these were explained in part by the overshoot of the Instron control
system.,  Yield drops are frequently obtained in single and polycrystals of
some f.c.c.y, b.c.c, and h.c.p. metals when subjected to a low-temperature
pre=strain followed by additional deformation at a higher temperature; such
a yield-point phenomenon at the beginning of re-straining is usually called
'work-softening' (Cottrell and Stokes, 1955; Kelly, 1956; Hammad and Nix,
19663 Sakui et al,, 1968; Hammad et al., 1970; Lougo and Reed~Hill, 1970;
Glileg and Baldwin, 1973; Longo and Reed-Hill, 1974). The effect appears to
ocecur only when unloading takes plece between pre~straining and re-straining
(Haasen and Kelly, 1957, Gile¢ and Baldwin, 1973). It can mlso be observed
by pre-straining metals at a high strain rate followed by reloading at a
lower strain rate (Langenecker, 1961; Sakui et al., 1968; Longo and Reed-
Hill, 1970). However, in f.c.c. metals work-softening seems to occur only
if the stacking-fault energy is moderate to high; it is not observed in
copper, nor in o brass, which have low stacking-fault energies (Sakui et al.,
1968), but is always encountered in aluminium and nickel. In this respect,
it seems appropriate to recall the results of Frantz and Duffy (1972) for
aluminium, in which small yield drops were always observed after a rapid

increase in shear strain rate.

The curves of Fig. 9 indicate that the initial response to the strain-
rate jump is approximately elastic at all temperatures; however, as already
noted, & well-defined yield point is only found at low temperatures. The
results clearly show thet & mechanical equetion of state relating stress,
strain, strain-rate and temperature is not appliceble under any of the test
conditions. The observed rate dependence of the yield and flow stresses

thus reflects two facts: {a) the yield stress at a given internal structural

state depends on strain rate (and temperature); and (b) the structural state
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and the corresponding strain-hardening after a given amount of plastic
straining alsc depend on the strain rote at which the pre-straining

took place. (In this context, the term internal structure covers
features such as small-angle boundaries, subgrains and cells, the density

and configuration of dislocations, dislocation tangles, etec.)

At any given pre-strain, the increment in flow stress At following the
change in strain rate can be taken as representative of the true or intrinsie
rate sensitivity of the material. At all temperaturvs, the intrinsic rate
censitivity for copper is much lower than the apparent sensitivivy based
on flow curves obtained at constant strain rates. The intrinsic rate
sensitivity at a given strain, 512, is defined as before for uys in Eq. (5),
but here 13 is the yleld stress exhibited at the end of the elastic
increment prior to work-hardening. From the results shown in Figs. 9 (4),
(e) and (f), corresponding to room temperature and above, it is not
posaible to determine 1, unambiguously, because of the absence of a well~
defined yield point; At is clearly very small, if not zero. Curves

showing uyp at the lowest temperatures, for three values of strains, are

plotted in Fig. 12.

According to the theory of thermally-activated plastic flow in metals
(summarized by Li, 196T), the intrinsic rate sensitivity 512 is related to

the activation volume V by the equation
GIZ = kT/V. (6)

In deriving this equation, it is assumed that the density of thermal
activation sites remains constant during the change of strain rate, and
that the activation volume is independent of temperature. It is clear that
the results of Fig. 11 do not accord with this equation, since the curves

for H;p do not pess through the origin,

e
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Assuming that the rate-controlling procesg is that of dislocation

intersection, V is expected to vary inversely os the square roct of the
forest - dislocation density; hence an increase in ;12 with increasing
plastic strain is predicted. Tig., 12 shows that the increase is quite

small tor a five-rold incrense in strain.

TN

It seems clear from the present results that (a) at all temperatures
the major part of the observynd strain-rate dependence in constant-rate
tests must be attributed to change in dislocation structure with strain-
rate history rather than to the instantancous strain rate itself,
(b) at low temperotures there is a significant dependence of the flow stress
on the current strain rate; and (c) the temperature dependence of the rate
sensitivity is not well described by the simple thermal-activation rate

theory based upon a temperature-independent activation volume.

3.1.3. Micropgraphic examination

A dummy specimen was sectioned, polished and etched after annealing

and the microstructure was found to be uniform, with no apparent

directionality in the grain structure; about one-third of the grains
showed annealing twins., OSpecimens were also sectioned, polished and
etched after test, and some of the resulting micrographs are presented

in Fig 13%, The microstructure was found to be little different from

that of the unstrained material. Fig. 13 (b) shows that no significant
grain growth occured at L00°C. In Fig. 13 (d) & few very narrow twin bands
are visible which could be caused by mechanical twinning; the strain
contributed by such twins wculd however be very small comparwd with the
large strains imposed during the test. The mean grain denszity (0 mm™2)

corresponds tc about 7 grains across the wall thickness.

*It should be noted that the section is not necessarily through the axis of
the specimen, so that the wall thickness may appear greater than its true

velue; this also applies in Figs. 20 and 26.




5.2 Titanium

3.2.1 Conhgtant strain-rate response

Quagi-static and dynamic stress-strain curves for each of the six
testing temperatures are plotted in Figs. 14 and 15 respectively; each
curve was obtained from twn or more tests, the results of which varied by
not more then 5%. It should be noted that the dynaric test results at the
two highest temperatures were obtained at slightly lower strain rates than

those at lower temperatures.

Commercially puwre titanium can be seen to exhibit o well~defined yield
point at all temperatures and at both quasi-static and dynamic strain rates.
Also, the flow stress continuously increases wiih strain up to fracture
(designated in Figs., 14 and 15 by the letter F) except in some of the
dyanamic tests where the strain-hardening rate becomes zero at large strains.
The considerable temperature sensitivity of the mechanical properties is

evident from Figs., 14 and 15,

From the extensive research on titanium by Reed-Hill and his associates
(Monteiro et al. 1970, Santhanam and Reed-Hill 1971, Garde et al. 1972) ana
vy Doner and Conrad (1573), it is evident that dyuamic strein-ageing is a very
significant factor in the plastic deformation of this metal (when impure).
This seems to occur in the temperature range of 700 to 800°K (Conrad et al.
1973); the exact temperature apparently tends to rise with increasing purity.
For a titanium alloy of commercial purity, Garde et al, (1972) located this
'plue~-vrittle' temperature at 750°K. The dynamic sirain-ageing phenomencn
was found by Doner and Conrad (1973) to menifest iteelf in the occurrence
of yield points, serrations in the stress-strain curves, & rise in thr flow
stress with increasing temperature, minima in the total elongation versus
temperature curves and maxims in the strain-hardening rate versus temperature
curves. [In all these investigations, tensile specimene were used and low

. . -5 .
strain rates ranging from 1072 to 10 g-l vere applied, The same phenomenon
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is alseo indicated by the enhancement of creep strength (Kissel and Sinnott
1953, Luster et ul. 1953) and high-cycle, long-life fatigue properties
{Turner and Roberts 1968) in commercial-purity titanium in the temperature

range 600 to 850°K,

‘fhe present tests on titanium were limited to a meximum of 673°K, and

£

as far ns could be discerned from the test records at the high temperatures

none of the above manifestations of dynamic strain-ageing occurreq(see Fig.1h),

Stress-strain curves for each temperature are shown in Fig. 16 {(a) - (f);
in each figure, the variation of strain rate and the computed adiabatic
temperature rise is shown for the dyramic test. Fig. 17 (a) shows the variation

of yield and flow stress with temperature at the low strain rate. The yileld

stress and work—-hardening rate increase steadily as the temperature decreases
from 673 to 297°K, and the yield stress continues to increase as the temperature
is reduced to 123°K; the work-hardening rate, however, decreases with fall of
tempzrature below 297°K, increasing again at the lowest temperatures. This
behaviour may be associated with the onset of twinning ag an important mode of

deformation (see Section 3.2.3).

Fig. 17 (b) shows the yield and flow stresses for the high strain-rate
tests, the correction for adisbatic heating being indicated; as for copper,

this correction is neglipgible at small strains or high temperatures.

- Using the definitions already introduced the apparent rate sensitiviiy

E- 112 has been determined from the curves of Fig. 17 (a) and the corrected curves
ol Fig. 17 (b). The results are plotted irn Fig. 18 (full lines) and, as for

g copper, uyz shows a moderate increase with increasing strain; it also increases

with tempersture up to 200°C, falling somewhat at LC0°C.
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3.2.2 Strain-rate-chanpe response

The response ol the titanium specimens subjected to dynamic loading
after various amounts of deformation at the low rate (0,006 8°!) is shown
in Fig. 16 (a) to (f) for the various starting testing temperatures. Each
plotted curve is the average of at least two curves differing slightly
(about 3%) in flow stress and strain-rate values and by & maximum of 0.015
in the amount of pre-strain, Also included in Fig. 16 are the average strain
rate and adiabatic temperature rise as functions of strain, corresponding

to the high-rate part of each test,

At no testing temperature does the rate increase produce transient stress
maxima similar to the yield points observed by Santhanam et al. (1970} after
a one-decande change in strain rate during quasi-static tension of commercially
pure titanium. The flov stress increases rather smoothly and continuously.
This increase is characterized by a well-defined elastic inerement which is
followed by gradusl transition of the flow stress to a value similar t+o that
obtained in a test entirely at the dynamic strain rate. Both the elastic stress
increment and the rate of the subsequent transition depend on the testing

temperature.

As discuased before for copper in section 3,1.2, the initial elastic rise
in flow stress following & strain~rate increase can be used to celculaie the
intrinsic strain-rate sensitivity hjp. The variation of ujs with strain at
various temperatures is shown in Fig., 18 (broken curves). From the results
given in Fig. 18, values of uyp and uyp for & strain of 0.1 have been
estimated, and these are plotted against temperature in Fig. 19. It is
seen from this figure that at temperatures up to 473°K, ¥, is proportional
to T, as required for a constant activation volume V. The slope of the
plotted line corresponds to a value V = 0,54 nm3 or 22.4 b3 where b is the
magnitude of the Burgers vector. The value of ;12 /T drops considerably

at T = 673°K, and corresponds to V = 37.3 b3, Assuming that V is governed
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1 by the dislocation density, it appears that a significent degree of
dislocation rearrangement and mutual annihilation must take pluce during

! the prestraining period (about 17 sec) at temperstures above 473°K, At
stroins larger than 0.1, the behaviour is more complex, since Elg decreases

with increasing strain cven at room temperature.

Fig. 19 also shows values of uyp at a strain of 0.1, and it is seen

*
that it is not proportional to T; thus the apparent activation volume Vi

s kT/u)p varies with temperature. The values at T = 123, 297 and 473°K

are 11,13, 18,063 and 22.9b3 respectively. A comparison muy be made with
" resw: .5 obtained by Harding (1974) in constant-rate tensile tests on a
?E similar muterial at temperatures in the range T7 to 288°K. These results
& give values of V:z varying from 11 b3 at 77°K to 19.2 bd at 288°K, for a
tensile strain of 0.05; in converting from the measured tensile stresses to

equivalent shear stresses, von Misegs' yield criterion has been used. The
F 1

| close similarity between the two sets of velues is striking. 3

TR

3.2.3 Micrographic examination

As discussed by Kocks and Westlake (1967), h.c.p. crystals do not have ]

the five independent slip systems required for generalized polycrystalline

Wittt

deformation, As a result, twinning or other deformatinn processes must in

general occur in theee metals. Carde et al, (1973) show that in high-purity

i

titanium deformed at 77°K about thirty percent of the total plastiic strain
is produced by twinning, while Madhav and Armstrong (1974) estimate that the
proportion is fifty to eighty percent at 4.2°K. According to data of
Santhanam et al. (Reed-=Hill 1973) for commercial-purity titanium, the volume

frection twinned increases linearly with true strain, reaching 50% at a

s e e

tensile strain of about (.35, i.e. & shear strain of about 0.6; at a shear
strain of 0.1, the fraction is about 13%, Observations by Harding (197L)

showed that at a given temperature the density of twinning in titanium

increases with rate of atrain.

U S - ie,
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| Fig, 20 shows s number of micrographs of specimens tested at low
temperatures. Fig 20 (a) gives a general view of the unstrained flenge
and the heavily deformed gauge length, including the fracture region.
Fig. 20 (b) shows the detmil of the microstructure in the gauge length
adjacent to the flange; twinning is evident in nearly all the grains, and
in some grains two families of twins have been developed. Figs.20 (c)
and (4) show part of the gauge length of specimens subjected to two
different amounts of pre-strain. Comparing Figs. 20 (b), (c) and (d),
it mppears that the density of twinning decreases with increasing pre-
gtrain, while the width of the individual twin lamellae increasses. This
fi effect is also seen in Figs. 20 (e) and (f), which relate to tests at
. -150°C without and with pre-straining. Comparison of Figs. 20 (b) and

|

i

(e) shows the increasing intensity of twinning as the temperature is

reduced.

It is clear that, as expected, deformation twinning is an important
mechanism of plastic straining in the present tests on titenium, and that
gy some changes teke place in the amount and nature of twinning within the

range of test conditions used. A quantitative analysis of these changes

has not been attempted, but they may account for some of the secondary
n features of the observed flow behaviour, e.g. the reduction in the 'jump'

stress level with increasing pre-strain.

The initial grain density (75 mm™2) corresponds to only about 3 grains

across the wall thickness of the specimen; even with this low value, however,

there are about 1400 grains on the cross-section.
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3,3 Mild Steel
3.3.1 Congtant strain-rate responsne

Experimental date for mild steel were found to be of similar consistency
and accuracy to those for titanium, Fige, 21 and 22 show the stress-strain
curves obtained at various temperatures for the quasi-static and dynamic
strain rates respectively. These are also included in Figs. 23 (a) to (f),
in which the effect of strain rate on the flow curves at each temperature
can ve more easlly seen. The low-rate results show the occurrence of dynamic
strain-ageing (Baird 1971, 1973; Reed-Hill 1974), the work-hardening rate at
low strains being greatest at 200°C, when the stress=strain curve is serrated.

Similar 'jerky flow' was observed at 100 and 300°C ('blue brittleness').

At sll temperatures, n significant drop of stress occurred at yield in
the dynamic tests. In the low-rate tests, on the other hand, no yield drops
were obtained, though at rocom temperature the curve shows a small plateau

at yield.

Figs. 24 (a) and (b) show the flow stresses at four strains plotted
againet temperature, for low and high rates respectively. In Fig. 24 (b)
the temperatures are instantaneous values calculated on the assumption that
the deformation is adiebatic. The influence of strasin-ageing is clearly seen
in the curves of Fig. 24 (a). TFrom the curves of Fig., 24 (b), it appears
that the flow stress reaches a minimum at a temperature of about TO0°K;
this agrees with results obtained in an earlier investigation covering

initial temperstures up to TT73°K (Stevenson and Campbell 1974).

An increase in the blue-brittleness temperature with strain rate is
expected from the theory of Cottrell and Bilby (1949); such an incresse
was observed in tensile and Charpy tests of annealed L340 steel by Clough
et al., (1968), who showed that their results indicated the operation of a

thermally-activated process with an activation energy of 37.4 k cal/gm mole
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(1.62 eV)., Such u process would imply, for a strain rate of 103 gl

a peak in the flow stress ot about T50°K. From the present results and

those of Stevenson and Campbell (1974), it scems clear that for mild steel
the pesk occurs at a considerably higher temperature than this, the
activation energy being correspondingly lower. Assuming that the aetivation
. energy is that for diffusion of carbon (v 20 k cal/um mole), thc peak

: dynamic strength would be expented at a temperature of about 12L0°K (967°C),

- i.e. above the mustenite transition temperature.

It is clear that for mild steel the flow stress is governed not only by
the instanteneous strair rate per se , but by the time mvailable for strain-
*, ageing to occur and ulso possibly by structure changes broughi about through
li variation of the strain rate. The apparent rate sensitivity pj; exhibits
negative values in the temperature range where strain-ageing can occur in
the quasi-atatic test hut hus little effeet in the dynamic test. BSuch
negative values are of importance in metal-forming or other high-temperature,

- high-rate processes but they give no indication of the intrinsic rate

sensitivity of the material, which can only be memsured by the strain-rate-

change technique.

n 3.3.,2. Strain-rate-change response

At each testing temperature, rate-jump teats were carried out at several

different values of pre-strain, and the results of these tests are plotted
in Figs. 23 (a) - (f), together with the corresponding curves for strain rate

and adisbatic temperature rise.

The following observations can be made concerning features comaon to all

these results.

(1) There is a very rapid rise in stress level following the rate change. %

(2) The jump yield stress is always higher than the flow stress

ottt

attained at the same strain in the exclusively dynamic test.

This behaviour is in contrast to that exhibited by copper and

A e R e B,
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1 titanium as shown in Fige. 9 and 16; it has, however, been

obgserved at medium rates in the b.c.c. metals molybdenum and

t
ii niobium (Campbell and Briggs 1974}, and also in low-ratc
{ teste involving various rate-change ratios, with and without i
, intermediate unloading, on mild steel (Smith 1961, Tanaka
et al, 1972), ms wall as in HPF-1 steel (Chou and Ting 197L).

Moreover, it also occurs in temperature—change tests involving pre~

. straining at RT followed by further straining et & much lower

tempernture (Nekamura et al. 1968),

MR

It is also worth remarking that the behaviour of mild steel

has also been found to differ considerably from that of f.c.c. .

i metals, when ihe deformation is continued at a strain rate
lower than that of pre-straining (Klepaczko 1968, Campbell and

Duby 1956, Tanaka et al., 1972).

The initial jump of stress is followed by a yield drop at 200 and Lo0°C,

-

but not at lower temperatures; this behaviour is evidently linked to the

occurrence of dynamic strain-ageing during the low-rate pre-straining, the

effect being greatest at 200°C. At each temperature, the initiml stress
jump is approximately the same at all pre-strainsg; the subsequent work—
hardening rate, however, tends to decrease with increasing pre-ctrein,
becoming negative for large pre-strains, It seems unlikely that thermal

softening is entirely responsible for these negative work-hardening rates.

The value of the initial stress incremert vacies considersbly with “
temperature, as shown in bkig. 25, where che intrinsic rate sensitivity ;12
is plotted for & pre-strain of y = 0.2, interpolating from the results ]
obtained at other pre-straeins. For the two highest temperatures, points
are plotted corresponding to both upper and lower yield points. Also shown
in this figure are radial lines corresponding to constant values of V/b?,

where V = kT/u)5, the activation volume calculated on the assumption of a

constant pre-exponential factor during the stress increment. From these
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it follows that if thic assumption ie correct V increases rapidly with T.
It is clear from the curves of Fig. 23 that cven a relatively small
amount of quasi-static pre=strain affects the dynamic flow stress at large
strains; it seems therefore that the dislocation structure of the material

is strongly dependent on the strain-rete history, and that the 'memory' of

previous straining persists for very large changes in strain.

3.3.3 Micrographic examination

It is well known that deformation twina (Neumann bands) are formed
in iron under impact or lovw-temperatw'e conditions., The present mild
steel specimens were therefore sectioned, polished and etched after
testing; Fig. 26 shows a selection of the microstructures observed in
the gauge length of specimens fractured in dynamic and rate-jump tests
at vurious temperatures. Figs. 26 (b) and (e¢) show that twinning occurs
at =100 and -150°C in dynamically strained specimens, the density of
twinning incressing as the fracture surface is approached; at higher
temperatures twinning is not found. Figs. 26 (d), (e) and (f) show
that very few twins are formed in specimens deformed dynamicnally after
pre-straining, even at low temperatures. In general it seems that the

contribution of twinning to the total plastic strain is small,

The micrographs show that there is a region of heavily deformed
material in the immediate vicinity of the fracture surface, as is to be
expected; apart from this region, however, the structure remains fairly
uniform along the gauge length. Micrographs obtained from transverse
specimens showed no significant difference in microstructure, apart from
the lack of banding of the pearlite. The mean grain density was found to
be 690 mm "2, corresponding to about 10 grains across the wall thickness

of the specinen.
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3.0 Gonersl Plow Behoviow

3.4, Micreo-mechanical aspects

Assuming that the wajor contribution to the obsceved plastic atrain
rate is by the motion of disloecstions, the general vate cguation (1) may

by reploced by Orowan's kinematic relatioa

P w7 (8)

where L iz the magnitude ol Lhe bLurgers veclor, P is the density of
wobile dislocations and v 1s their average veloeity. Various forms of

constilutive equation have been derived from (8) Ly assuming functional
relations for the guantities Fin nnd v in Lerws of Yp and the applied
stress 1 (Johnston and Uilman 1959, Hahn 1962), lowever, it appears from
the pregent results that in general #) depends not only on the current
values of v® and 1 but on the strain-rate history. Since there 1s no
exparinental methed of measuring P, OF v during a test on a polycrystalline
meterial, it is not possible to determine which of these is history-
dependent; in fact there is a basic difficulty in making such a distinction

it the local dislocation velocities are distributed continucusly over a

wide rangc of values.

It may be nolted however that, in order to account for the present
resultc, especially those for copper and mild steel, the variation in
either P or v with strain-rate history would heve to be several orders
of magnitude. Assuming 2 constant value for the rate-sensitivity parameter

nyp over the strain-rate range involved, it follows that

(0. 9), iy Th2hhz
e, w ®)
fn’a - M1

where the subscript j indicates the vslue immediately after the strain-rate

Jump and the subseript d the value which would correspond to the same stress

- e e g
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and strain under constant-rate conditions. Thus for copper at low
temperntures wheru Wya/uyp is about 0.5 (sec Fig. 11), omG must vary by

s factor of order 103; at room temperature and above, the factor is larger
still., Studies of dislocation mobility in copper (Greenman, Vreeland and
Wood 1967) have shown that the velocity of individual dislocations increases
approximately linearly with the applied stress, reaching high velocities

at guite low stresses., It seems unlikely therefore that in the present
experiments the velocities of individual mobile dislocations can increase

sreatly during the small stress increment in & jump test.

From these considerstions, it seems likely that a large increase in
the number of mobile dislocations occurs when the strain rate is suddenly
increased. Such a dependence of Py OB stress and strain-rate history is
implicit in the theory of Alden (1972, 1973, 1975), in which the varietion
in dislocation structure is teken into account., It is supposed that at
low rates or high temperatures a cellular dislocation structure is formed
80 that considerable regions of the slip plane are relatively free of
dislocations. When the rate is suddenly increased, dislocations break
free from the cell walls and move into these regions., The theory predicts
that the stress increases graduslly towards the value characteristic of
the high strain rate, as is found experimentally for copper in the present

tests.

The effect of strain-rate history on plastic flow has also been
discussed by Klepaczko (1975). He has pointed out that in general part of
the flow stress is governed by evolutionary changes in dislocation structure,
which may be diffusion controlled. Such evolutionary changes are explicit
functions of time, rather than of strain rate. Thus the flow stress at a
given strain and temperature may be considered to be the sum of an 'athermal'

component T, which is time dependent, and a thermal component T* which is




I

dependent on the instantaneous strain rate and i1s governed by the rate-

controlling dislocation mechanism. For pure f.c.c. metals 1, decreases

A
with time because of mutual annihilation of dislocations (dynamic recovery);
for impure b.c.c. metals, it may increase with time because of diffusion-

controlled dislocation locking (dynamic strain ageing). The latter effect

is shown very clearly in the present results for mild steel at 200°C,

The changes which occur both in the mobile dislocation density and in
the uniformity of the dislocation distribution during straining clecarly
imply that in general the flow stress depends on the previous strain-rate
(and temperature) history. The general approach discussed in the Introduction,
leading to equation (1), should in principle ve ecapable of describing the
present results; however, the usefulness of this approach is limited by the
difficulty of identifying the large nunber of unknown functions and parameters
invelved, In particular, the number of terms in the summation and the laws
relating the parameters 8; to thé macroscopie veriables cannot at present be
determined. For practical purposes therefore it is necessary to adopt a more
empirical approach, in which furnctional relationships are postulated without
reference to the micro-mechanisms of flow. Such a relationship can be expected
to be useful over limited ranges of the variadles involved, and the appropriate

ranges can only be established by experiment.




3.4.2 Macroscopic constitutive relations

The approach discussed by Klepaczko (1975) leads to a constitutive

equation of the form
©o=oq (T, e, ) [0+ e, )] . (10)

It follows from this that if the strain rate is instantaneously changed,

a finite increment in stress should occcur. The present data for copper

at low temperatures, and for titanium and mild steel at all temperatures,
show such an increment. [For copper at room temperature and below, however,
the increment is very small or zero so that thermal activation appears to
have little influence on the flow behaviour; thus the major reason for the

variation in flow stress with strain rate is the strain-rate history.

The present results show that for copper at room temperature the stress
difference between & jump-test curve and thc low-rate curve depends on the
ineremental strain but is approximately independent of pre-strain (and
hence time) for velues of pre-strain from zeroc to 0.6. Thus it has been
suggested (Campbell, Fleiche and Tsao 1975) that the flow stress may be
represented by an hereditary integral or functionel of the strain rate, with
strain asthe indepmdent variable. The constant-rate data for copper may

be expressed by the equation

o= (y) + £y (v, V), (11)

A}
as suggested by Malvern (1951), For a strain-rate jump from ¥y to ¥, at
a pre-strain «, (11) becomes

o= £ (Y)+ £y (v, Y1)+ £o (v ~o, ¥2) =5 (¥ - a, ¥1). (12)

Assuming linear guperposition of the 'overstress' f, (v, Y), (12) can be

generalized, for an arbitrary variation of strain rate given by ¥ = n(y), as




N, '
ten (et Gungd+ [ [y e e )]s (a) e, (13
o

where
n' = dn/dy, fp = 9£2/0% and n, = n(o) .
Equations (11) and (12) have been shown (Campbell, Eleiche and Tsao
1975) to describe the present constant-rate and jump-test results for copper
at room temperature, within experimental accuracy. Similar agreement is

.

found for the results obtained for the same materisl at 200 and L00O°C.

Further experiments using varying strain-rate histories are required

to determine whether the more general equation (13) is valid.

For titanium, the data indicates that the effect of strain-rate history
is relatively small, while the influence of tne instantaneous strain rate is
large. Thus the behaviour 1s nearer to that corresponding tc a mechanical
equation of state. However, significant deviations occur from such an
equetion; at low temperatures these deviations are of the seme type as

those observed in copper.

The behaviour of mild steel is more complex because of the yield drop
at high rates and the occurrence of dynamic strain-ageing at elevated
temperatures, with the consequent jerky flow. DBoth these effects are related
to the pinning of dislocations by solute atoms, with a corresponding
reduction in mobile dislocation density. One result of dynamic strain-
ageing is that the total flow stress at high rate depends crucially on the
degree of pre-straining; it may be very much higher than that obtained in
a test at a high constant rate, This fact may be of considerable importance
in processes such es machining, in which largs increases in strain rate
occur during plastic flow. A geuneral constitutive relation for mild steel
would be very complex, since temperature, time, strain rate and strain-rate

history ars all important in cetermining the flow stress.
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SECTTON 4

SUMMARY AND CONCLUSTONS

.1 QFHC Copper

The {low atress iz moderabtely rute mnd temperature sensitive at all strains

o A R e e e il

up to 1.0 or more, AL constent rates atrain hardening is positive for chear
strains up to 1.0, adiabatic heating at high strain rates heving only a small

effect.

A rapid change in strain rote by about 6 orders of magritude causes a
Tinlte clastic stress inerement ot low temperatures, ‘'The magnitude of this
increment increnses with incereasing pre-straju; at room temperaiure or above,
the increment is very small) the subsequent flow stress rises slowl, toward
that required for the same zirain imposed entirely at the high rate. Thus
the obs2rved rote sensitivity of the flow stress in constant-rate tests Appears
t0 be caused larpely by strain-rete history effects, rather than by the
instantaneous strain rate, Activation volumes, calculated either from the

astent-rate data or from the elastic stress increments in the rate-jump

tests, decrease with increesin;, strain and incresse with increasing temperature, \

The data are not consistent vith the existence of a mechanical equation
of state relating stress, strain, strain ratd and temperature. It is concluded ;
that in general the flow stress ccnsists of a rate-independent component and
components depending ~n the instantancous strain rate snd the strain-rate
history. The second of these components is small, becoming measurable only
at low temperatures; the third component can be described by means of an

her~iitary integral with strain as the independent variable.

h,2 Commercislly-Pure Titanium

The material shows a well defined yield point, but no yield drop, at
all temperatures. The strain-hardening rate is small, decreasing with

increasing temperature but varying litile with strain rate. Adiabatic

heating causes gignificant reduction of flow atress at large strains, but




¢ g g

i

e

¥

_.’«y)_
no flow instubili%y occurs at strains up to 0.5,

In rate-jump tests, there 1s a large increment of stress at all temperatures.
The value o1 the increment varies little with pre-strain but increases witn
temperature, At high temperatures the flow stress exceeds that obtained at
a constant high rate, Strain-rate-history effects are much less marked than
those in copper, while th. instantaneous stranin rate has s large influence.
Thus the behavicur approximates more closely to that corresponding to a

mechanical equation of state,

The activation volume for a strain of C.1, ca'culated from the response
to the strain-rate change, is essentictly constant for temperatures up to
200°C; at 400°C a larger value ig found, which is attributed to recovery
processes occurring during pre-straining and causing a reduction in the

disiocation density.

Micrographic examination confirms tne importance of twinning as a
deformation mechanism for static, lynemic and rate-jump tests. The distiibution

und size of twins varies with the mmount of pre-strain in rate~jump tests,

4,3 Mild Steel

The low s4rain-rate results show a well-defined elastic limit but no
yield dvop, a small yield plateau is found at room temperature. The
subsequent strain hardening shows .. maximum at 200°C, when serrated flow

oceurs and the duetility is reduced (blue brittleness).

The high strain-rate results show a considereble drop of stresa at yield.
The post-yield flow stress decreases steadily with inereasing temperature,
apparently reaching e minimum at or wbove 400°, At room temperature and
below, the strain-hardening rate becomes negative at large strains; this is

attributed to the adiabatic temperature rise.

i~
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The initial response to & strain-rate jump is apprcximately elastic and
: has a magnitude which increases with decresse of testing temperature; it is
little affected by the amount of pre-strain., At 200 and L00°C a yield drop

occurs after the initial stress increment. 'The post~Jjump flow stress is

slways greater than that for the same strain in a constant-rate dynamic test;

the strain-hardening rate becomes negative at large strains or low testing

temperatures.

The activation volume, calculated from the initial stress increment in
the jump tests, increaces rapidly with increasing temperature. Micrographic
examination shows that twinning occurs in speecimens sirained dynamicelly at
temperatures below about -~50°C, The smount of twinning is dependent on strain-

rate history as well as on strain rate and temperaturej it does not correlate

in a simple manner with appiied stress, since less twinning I8 observed in
jump-test specimens {ihan in specimens deformed entirely at the high rate, in

spite of the larger stresses occwrring in the former.

L.4 General

It has been shown that, in general, the rate dependence of the flow stress

of a metal or alloy mey “e attributed to either or both of the following:

v

(a) the instantaneous strain and strain rate;

B re

{(b) the strain-rate history since the material was in the annealed state.

The relative importance ot these two factors varies Letween materials.
For the three teated, (a) appears to be dominant for titanium and (b) for

copper, while for miid steel both factors are important.

Strain-rate-history effects are indicative of structure changes which teke
place during the deformation; such changes may be diffusion controlled or

governed by nicro-mechanisms (dislocation interactions, occurrence of twinning)
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which depend on the deformation procesges themselves.

In addition to the factors () and (b), the observed rate dependence
may be affected by thermal softening caused by adisbatic heating. For copper,
such softening is small, because of the relatively low temperature sensitivity
of the flow stress; for titanium and mild steel, thermal softening may exceed
strain hardening so that the flow stress falls with increasing strain.
llowever, in the present experiments no catastrophic load drops occurred at
strains less than 0.4, even at low temperatures; at room temperature and
ebove, much larger strains were attained hefore fracture, the stress falling
gquite gradually during the latter part of the test. Thus no evidence was
obtained, from the material response or from micrographic exemination, of
plestic instability ceusing highly localized flow at an early stage of

deformation.

ST,
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APPENDIX A

Theoretical wave onalysis and actual observed wave structure

ag affected by the performance of the present clamp design

Fig. A1 shows the bar arrangement and dimensions, together with
a characteristic x~t diagram of the elastic torsional wave fronts
during a rate-chuanpge test and the corresponding torque equilibrium
in the testing system. Only torsional waves are considered in this
figure gince the performance of the clamp is assumed to be ideal;
possible generation of bending and exial waves when the clamp is

relcased are therefore neglected.

Typical records obtained during the rate-change tests showed,
however, certain churacteristics in the output traces which are not
predicted from Fig, Al. Thus, the trace level was not constant before
the arrival of the main pulse to the output torque gauge station, and
a marked dip was observed at about 800 us after the start of the main
pulse. These features were consistently obtained with copper, but were
almost undetected with titanium or steel, as can be seen from the
corresponding oscillogrems . In I, it was suggested that when the
clamp is released, axial waves are also initiated whichk travel at a
higher speed down the two bers and are reflected partly as torsional
waves 8t the motor end. Times of arrival of various ripples on the

output trace agreed fairly well with this explanation.

Two other hypotheses have been examined in order to explain the
source of axial waves in the system and the generation of the torsional
precursor and reflected waves associated with it. The first hypothesis
was based on the possible accumulation of specimen axial strain which

may be agsociated with the large plestic twist during quasi-static
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straining , as reported by Swift (1947) and Ronay (1965, 1967), To check
this, the specimen pauge length was carefully measured before and

after twisting to & shear strain of about 1,0; within experimental
accuracy , no elongation was found., Furthermore, measurement was

taken on the output bar of possible axial strains which mey be

produced by the slow rotary unit during quasi~static loading and none

could be detected,

Next, the performance of the clamp was studied more carefully.
Axial waves may be initlated when the clamp is released if the two
opposite arms of the clamp are not exactly symmetrical with respect
to the bar axis, or due to elastic lateral strains occurring at the
input-bar section underneath the clamp. This can also result from
the method of tightening the clamp to fracture the notched bolt
holding its two arms together, since this is done usually by means of
a lever or a torque wrench from only one side of the bar system. In
order to investigate this experimentally, a dummy titanium specimen
was attached to the input and output bars and the clemp subsequently
tightened until fracture, without previously storing any torque in the
input bar. Torsional and axial strains were both measured with strain
geuges and ap oscilloscope. Typical results of one such test are shown
in Fig. A2 where the top and lower traces represent torsional and axial
strains in the output bar respectively, both traces being delayed 100 us
after the clamp release, A tensile pulse followed by a torsional pulse
of almost the same duration (V50 us) can be seen to initiate at the
clamp and to propagate and reflect at end obstacles along the system,
This wave structure may explain therefore the peculiarities observed
on the output torque trace in a rate-jump test. Thus, in this case,

the axial pulse precedes  the main torsional wave propagates down the

B
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gystem and through the short plastically twisted specimen., This
results in e combined oxial and torsional wave, the degree of the
interacticn being mainly governed by the amplitude and duration of
the axial pulse and the strain-rate sensitivity of the material
tested (Clifteon 1966, Lipkin and Clifton 1968, Hsu and Clifton

1974 . This can also be observed in the oscillograms of Fig. A3,
each showing as the top trace the signal from the output-bar torque
gauges and as the lower trace the signal from the output~bar axisl
gauges; the latter gauges were centred 92mm further from the specimen

than the former, i.e. 178mm from the end of the bar.

Fig. A3 (a) shows the results of an exclusively dynamic test.
The same copper specimen was then used in a rate—change test; the
result is shown in Fig. A3 (b). Finally, Fig. A3 (c) shows the results
obtained in a clamp-release test with no torque stored in the input
bar. As discussed before, Fig. A3 (b) is typical of the results
obtained on copper in the course of the present research programme.
Various features of Lhe output trace, together with their arrival
times at the messuring station can be fairly well predicted through
an x-t diagram similar tc that of Fig. A1 in which axial waves are
also taken into account. That such features were almost unobservable
in rate-change tests on titanium and steel can be explained by the
difterence in strain-rate sensitivity between these two materials and

that of copper, as reported by Hsu and Clifton (1974).
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APPENDIX B

Arrangement for testing at sub-smbient temperatureg

Cooling below room temperature was carried out by controlling the
flow of liguid nitrogen into a short horizontal container surrounding
the specimen, which was directly attached to the input and output bars
with Araldite epoxy cement. Two general views of the cryostat can be

seen in TMig. B1, and these are self-explanatory,

Fig., B2 shows the container on its support, the specimen and parte
of the input and cutput bars. Two glass-wool rings are used for
insulotion and strain-gauge protection. A copper-constanten thermocouple
bead can be seen soldered to the brass gauze for temperature control,
while specimen temperature was mesmsured by & separated-junction copper-

constantan thermocouple which is taped to one of the gpecimen shoulders.

A general view of the associated instrumentation used in low-
temperature testing is shown in Fig, B3. This consists as usual of
a millivolt potentiometer as a temperature read-out and a temperature
controller energizing a valve in the flow path of the liquid nitrogen

from its container to the specimen cryostat.

As mentioned above, all specimens were attached directly to the
bars with Araldite epoxy cement which proved to be a reliable adhesive
at all low temperatures down to-!86°C. Temperature gradients along the
bars within the cryostat were not serious enough to warrant the use of
tepered extension pieces or to require modification of the method of data
reduction. Proper strain-gauge factors were used, however; these were
determined by direct calibration at each testing temperature. In addition,
tests performed with dummy specimens indicated that the input wave

propageted throughout the bar system without distortion.

o OO . S oo
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; APPENDLY €

Bonding of the test specimen to the torsion bars in

| split-Hopkinson-bar experiments_ for tesiing at

| various temperatures

L] The torsional version of the split Hopkinson-bar method of testing
; materialsg at dynamic strain rates has proved its superiority over the
]

axial version for determining the I'low stress of materials, especially

RARE TSI, W el A RAT

s

g at large strains. The major, and perhaps the onlyserious difficulty
facing the experimenter in using this apparatus 1is the devising of a

reliable method for bonding the specimen to the input and output bars.

Under testing conditions, such bonds should be rigid enough to withstand
the input torque so that the observed partition of the travelling waves
into reflected and transmitted portlous can be considered as truly

representative of the specimen deformation.

For testing at room and lower temperatures down to liquid nitrogen

temperature (-186°C), the difficulty can be overcome by using suitable
R industrial epoxy cements, such as Araldite, which combine strength with

fast setting at room temperature.

For elevated-temperature testing, industrial adhesives can no longer
E. be used with complete relimbility since most common epoxies lose their

strength drastically at high temperatures (Cotter and lockney 1974},

Even for those bonding systems specially designed for high-temperature
applications, such as Polyimide adhesives, a maximum temperature of 250°C
is usually reccmmended for bonds of moderate strengtn. Furthermore, the

curing of these adaesives is generally elaborate and complicated and appears

e e,

to be more of an art than systematic procedure. Although such adhesives
have been used successfully in previous work for tonding aluminium specinens

to stainless steel bars for testing at temperatures up to 250°C
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(Eleiche and Duffy 1995), it was felt worthwhile to develop other methods
for boading various diosimilar materislc for reliable use at higher

temperatures,

Various posaibilitier have been reported in the literature (Zimmer
1963, Uberle et al. 1965, Thackery and Dupdale 1972), These and other
methods inelude: brazing, inertia welding, electron-beam welding, puwder-
metallurpgy techniques, mechanical bonding, or a combination of these,
according to the mnterials to be bonded, their thermal cocfficlents of

expansion and the maxiwum ppplication temperature,

In terms of cost, reliability, availability and vonding time, only
brazing and mechanical joining were considered attractive, The aim was to
bond copper, mild steel and titanium specimens directly or indirectly to
the titanium torsion bars, In I, a soluticn wac adeopted for bonding copper
at temperatures up ta h00?C indireetly to the bars wy use of silver brazing,
intermediate stainless~steel extension tubes mnd room-temperature epoxy
adhesive, The same procedure worked successfully with the mild-steel
specimens. With titanium, however, it was impossible 1tc braze the specimens
to stainless steel with the silver solder, and although special brezirg
alloys containing 80% palladium ere apparently availsble (NASA 1965),
their cost and application requirements were found difficult enough to make

further trials of this method discouraging.

Various mechanical assembliec were subsequently triad, These ronpged
from axial threaded joints to the use of luteral screws to grip the
specimen flanges, and shrink-fitting. None of these proved reliuble,
since wave distortion always occurred to dif'ferent degrees when dunmy
specimens were tested, A Tinal mechanical assembly was designed, which
proved successful., As shown in Fings. C1 and €2, it consiets of two stainless
steel grips resting flat on the specimen flanges and attached to each by
means of four axial Allen screws., The whole assembly is sibsequently brazed

to stainless-steel extension tubes which are in turn cemented to the

-
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titanium bars with Araldite. Tests with dummy specimens were not found
completely ideal, es cah be seen from results obtained at 200 and 400°C,
shown in Pig. C3. Nevertheless, they were considered accepteable,
especially since in testing a standerd specimen only a small portion of
the input torque 1s usually transmitted through the specimen because of
its yielding and further plastic deformation. Results shown in the main
text (see Figs.5 (h), (i), (j)and (k) ) also indicated the reliability
of this method of assembly since ell traces were found to be fairly

smooth with no indication of reflections occurring at sny of the joints.
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TAELE 1

Composition of materisls tested

a) Copper (OFHC)
Anelysis of polycrystalline ccpper specimen material (ppm)

. Ca Te Pb Mg Ag Ne.
<1 <1 1 < T0 <1

Gas analysis of polycrystalline copper specimen material (ppm)

0 H N
31.5 2.4 1.0

i
{u b) Titanium (IMI 130)

3 ; Typical maximum metallic impurity levels {(ppm)

» Al 500 Ccu 200 8i 200
2 As 5 Fe 300 Sn 500
Ca 5 Mg 20 Ta 15
Co 5 Mn 500 vV 500
Cr 10 i 15 U 10

3 Typical maximum interstitial impurity levels (ppm)

C H N 0 0ra (at., %)%

200 30 90 2000 0.7
g *N = 20, C =120, H=0 (Conrad, 1966) ‘
B . g
3 c) Mild steel (EN1B) ]
. g
' Typical composition as supplieda (%) .
] E

o c 8i Mn 8 P

0.125 0.02 1.15 0.37 0.021

-
n
%ﬁiw it PR .-
et o, S




|
i
\
5
E
i
BE]
|2

[ TABLE 2

Material condition as supplied and as tested

| i
. Material As supplied Heat pregtment Grain %Sn51ty

b of specimens (mm ™)
\ Copper Hot-rolled %00°C x 2 hrs@ 360

| (OFHC) annealed rod  107% = 10™> torr

f, Titauium Hot-rolled 700°C x 13 hrs@ 15

b (IMI 130) annesaled rod W™ - 107 torr

H 114 8t .

- ! Mild Steel Hot-rolled None 690

Py (EN1B)

e

e
hel




)16 -

rig., 1.

Lllustrating rplications of mechanical equation of state
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Fig. 10, Temperatur: depordence of flow stress of copper, at (a) low and
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Fig., 13

{a)
e bamparatutre

Zero pre-strain

(b}

400°C

0.1 mm

Dynamically strained copper spacimans (longitudinal section)

T s

B T e .
B e I

Pra-gtrain = 0,308
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13 (continued) Dynamically strained

(o)

=-504C

B

Pro=strain = 0.234

(d)

-100°C

Zero pre-sgtrain

copper specimens (longitudinal section)
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Fig. 20 Dynamically strained titanium specimen (longitudinal section)
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Fig. 24. Temerature dependence of flow stress of mild stzel, at (@) low and (b) high strain
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Fig. A2.Waves generated by release of the

stored torgue).

Timebase: 100 us/div; upper trace delay:

Upper trace: torque, 5.4 Nm/div.

Lower trace: axial force,

1.88 kN/div.
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(compression upward).
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Fig. C3. Transmission of torsional wave through mechanical connectors.
Timebace, 100us/div. Upper trace delay, 200 us.
Upper trace, 37.0 Nm/div: lover trace, 36.0 Nm/div.
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